Abstract-
Optical injection in these devices can be used to reduce the laser linewidth, the mode partition noise, or for enhancing the modulation bandwidth without modifying the semiconductor laser design [2] .
Although VCSELs are intrinsically single-longitudinal mode devices, they usually show complex polarization characteristics [3] [4] [5] [6] . The light emitted by the VCSEL is typically linearly polarized along one of two orthogonal directions, and polarization switching (PS) between the two orthogonal polarizations can be observed when current or temperature is changed. The control of the polarization is crucial for VCSELs in polarization sensitive applications such as optical switching. Optical injection is also a technique used to achieve PS [1] , [7] [8] [9] . Orthogonal optical injection consists in injecting linearly polarized light from an external laser whose polarization is orthogonal to the linear polarization of the solitary VCSEL. PS under orthogonal optical injection has been observed theoretically and experimentally in singletransverse mode VCSELs when increasing the injected optical power, P inj [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . A recent experimental work [14] has shown that the injected optical power needed for PS exhibits a clear minimum and a plateau with respect to the frequency detuning, ν. However, the simulation result shown in [14] gives two clear minima. Very recently, Qader et al. [23] have also studied the role of the suppressed higher-order transverse mode of the VCSEL in reducing the value of P inj required for PS when increasing its bias current. This paper focuses on the behavior of the injected power needed to achieve PS when the wavelength of the optically injected light is close to the one of the suppressed polarization or to the one of the linear polarization of the solitary VCSEL. We analyze this problem from an experimental point of view.
First, we study the injection around the wavelength of the suppressed polarization of the free-running VCSEL, which we will call the orthogonal polarization. For a wide range of bias currents applied to the VCSEL, we show that the minimum injected power needed to achieve PS shows two well defined minima. The first minimum appears at negative frequency detuning. The second minimum appears at positive frequency detuning. The value of this minimum as well as the frequency detuning at which it appears grows as the bias current increases. These results confirm the theoretical predictions in [14] .
Second, we consider orthogonal optical injection close to the wavelength of the linear polarization of the solitary VCSEL, which we will call the parallel polarization. We find a different structure of the PS region in which one minimum and two islands of PS appear. Nonlinear dynamics are also analyzed for the two regions of injected wavelengths: periodic, period doubling dynamics and frequency locking are reported.
This paper is organized as follows. Section II gives a description of the experimental setup. In sections III and IV we present experimental results when the wavelength of the injected light is close to either the one of the orthogonally or parallel polarized fundamental VCSEL mode, respectively. In section V, a summary is presented.
II. EXPERIMENTAL SET-UP
Experimentally, the orthogonal optical injection is achieved by using the setup presented in Fig. 1(a) . This setup is based on the experiments of Refs. [9] and [13] . An all-fiber system has been developed in order to inject the light from a tunable laser (Tunics Plus-CL) into a quantum-well commercial VCSEL (RayCan, Co.) that emits around 1538 nm. Its bias current and temperature are controlled by a laser driver (Thorlabs LDC200) and a temperature controller (Thorlabs TED200), respectively. The light from the tunable laser is injected into the VCSEL via a three-port optical circulator (OC). A variable attenuator (VA) and a fiber polarization controller (PC1) are used to control the power and the polarization of the injected signal, respectively. A 90/10 fiber coupler divides the optical path in two branches: the 90% branch is connected directly to the VCSEL and the 10% branch is connected to the power meter (PM) to monitor the injected power into the VCSEL. A second polarization controller (PC2) is connected to a polarization beam splitter (PBS) to select the polarization, which is measured by the power meters (PM) or the highresolution optical spectrum analyzer (BOSA). Our VCSEL operates in a single transverse mode with a threshold current of 1.6mA at 298 K. From threshold to 6 mA, the free-running VCSEL emits in the parallel polarization. The wavelengths of the parallel and orthogonal polarizations are represented by λ and λ ⊥ , respectively. The optical spectrum for the free-running VCSEL is shown in Fig. 1 (b) biased with a current of 4mA. For this current, λ = 1538.01 nm. The orthogonal polarization (>30 dB weaker than the parallel polarization) is shifted 0.23 nm (λ ⊥ = 1538.24 nm) to the long wavelength side. It means that the birefringence of the VCSEL is 28.75 GHz. This value is approximately one-half of that in [14] . The zero value of the frequency, in all the optical spectra, has been chosen to correspond to the orthogonal polarization of the solitary VCSEL. Note that, when using the set-up in Fig. 1 (a) , the power of orthogonal polarization includes the reflection of the optical injection at the VCSEL mirror.
III. OPTICAL INJECTION CLOSE TO THE SUPPRESSED LINEAR POLARIZATION
We investigate the minimum injected power required for PS as a function of the frequency detuning, ν. We define ν as ν inj − ν ⊥ , where ν inj and ν ⊥ are frequencies of the optical injection and the orthogonal polarization of the free-running VCSEL, respectively. We consider that the orthogonal optical injection induces a PS when the peak corresponding to the orthogonal polarization in BOSA is 30dB higher than that corresponding to the parallel polarization, like in [14] . The minimum P inj needed for PS is measured in the following way. First, a fixed value of ν is set by changing the frequency of the tunable laser. The value of the detuning is obtained by measuring the wavelengths of the VCSEL and the tunable laser at BOSA. Then P inj is increased from zero values until the PS is obtained and recorded. Fig. 2 shows the minimum injected power needed to achieve PS, P min inj , versus ν. The results are presented for several values of bias currents applied to the device. In a previous theoretical work [14] an absolute minimum value of the injected power needed to achieve PS was found for negative frequency detuning. The value of the frequency detuning at which P min inj appears does not change with the current. Also a second minimum appears for positive values of the frequency detuning. The value of this minimum, as well as the frequency detuning at which it appears, grows with the bias current applied to the VCSEL [14] . The appearance of this second minimum and its dependence on the bias current are confirmed experimentally in Fig. 2 . A very shallow minimum has been observed in [14] .
For the three currents applied to the VCSEL, P min inj shows a dip that appears at a frequency that fluctuates around ν = 0 GHz, which corresponds to the absolute minimum value of injected power needed for PS. The value of this minimum does not substantially change with the current. The minimum location increases to higher values of the detuning with the current. Our results are consistent with the theoretical results of [14] taking into account that our results are affected by thermal fluctuations and that our current range is much smaller than that in [14] . Our results are in contrast to the results shown in [23] where P min inj decreases with bias current. The difference may be attributed to the important role played by the higher-order transverse mode in [23] . In our experiment higher-order transverse modes are not playing any role because they are suppressed more than 55 dB at 4mA bias current.
The location of the second dip, as well as the value of P min inj , depends on the current. As we increase the current, the minimum shifts to higher frequency detuning (2.22, 3.71, and 4.8 GHz for 3, 4 and 5 mA, respectively). The value of the minimum injected power needed for PS also grows with the current (37, 100.4, and 246μW for 3, 4, and 5 mA, respectively). These results are in agreement with the theoretical analysis of [14] . In this region PS happens without stable locking (see Fig. 5 below) . Before the PS happens, both polarizations are oscillating with an appreciable noise (see Fig. 5(a) below) . After PS only the orthogonal polarization remains noisily oscillating and no stable locking is observed (see Fig. 5(b) below) . The second dip in Fig.2 is probably related to the excitation of oscillations when the injected power is large enough and the detuning is close to the relaxation oscillation frequency. In contrast to the second clear minimum shown in Fig. 2 , experimental results contained in [14] show a very shallow local minimum in a small range of current. The birefringence of the VCSEL used in [14] is 62.5 GHz whereas the birefringence of the VCSEL used in this work is 28.75 GHz. This indicates that the birefringence of the VCSEL can play an important role in observing the described two-dip structure. For 5 mA, we do not find PS between 1 and 2 GHz because P inj needed for achieving PS is higher than 420 μW, which is the maximum power that we can achieve with the setup shown in Fig. 1 .
The dynamics of the VCSEL is manifested by its optical spectrum. Different regimes -periodic dynamics (P1), period doubling (P2), and frequency locking -appear in the route to PS for different values of frequency detuning and injected power. Fig. 3 shows experimental optical spectra for a fixed frequency detuning of −0.84 GHz and different values of the injected power when the bias current is set at 4mA. When the injection power is lower than the required minimum power for PS, Fig. 3(a) shows periodic structure on a broadband background around both λ and λ ⊥ . Values corresponding to λ , λ ⊥ and λ inj are indicated with arrows. With a slightly higher injected power, as shown in Fig. 3(b) , the VCSEL enters the PS regime where the parallel polarization is suppressed and the orthogonal polarization exhibits periodic dynamics. In both Figs. 3(a) and 3(b) , the frequency separation between the peaks that appear in the optical spectra is close to ν. The origin of these oscillations is possibly due to wavemixing dynamics, since the beating is caused by the interaction between the VCSEL and the optical injection [10] . Peaks of the optical spectrum for the orthogonal polarization are narrower in Fig. 3(b) than in Fig. 3(a) . When the injected power is increased further, Fig. 3 (c) exhibits a single peak at λ inj , indicating PS with a stable frequency locking.
The observed behavior is different for a positive frequency detuning. For a current of 4 mA and ν = 0.6 GHz, the minimum injected power needed for PS shows an "S" shape as it can be seen in Fig. 2 . Different regions with different behaviors appear as the P inj is increased. Fig.4 (a) shows the optical spectra for a P inj = 42 μW. In this regime, we find PS accompanied with stable locking regime: only one peak appears at the frequency of the injected light, followed by PS with period 1 dynamics when P inj = 75μW (see Fig.4 (b) ). Further increase in injected power (Fig. 4 (c) ) makes the VCSEL leave the PS regime with periodic dynamics in both polarizations. However, when the injected power is even higher, a PS regime is achieved again with periodic dynamics in the orthogonal polarization, as is shown in Fig.4 (d) . The frequency of the oscillations that appear in Fig. 4 . is 2.8 GHz approximately, which corresponds to the relaxation oscillation frequency of the VCSEL at 4 mA. Regions in which an increase of the injected power leads to the disappearance and subsequent appearance of PS were also found experimentally and theoretically in [8] , [10] , and [14] . For a fixed frequency detuning of 2.6 GHz, near the second dip, Fig. 5(a) shows a periodic behavior in both linear polarizations before PS happens. With increasing injected power, PS happens and evolves from period 1 (Fig. 5(b) ) to period 2 dynamics (Fig. 5(c) ). The frequency separation between the peaks in the optical spectra increases as the injected power increases, probably due to the frequency pushing effect that appear for positive frequency detuning as the injected power increases [24] .
When the current is 5 mA, the dynamics near the first dip is very similar to the dynamics found for 4 mA. However, near the second local minimum, the dynamics presents a small variation in the PS regime with respect to the case of 4 mA. Fig.6 shows the optical spectra when the current is 5 mA and ν = 4.3 GHz. When P inj = 217μW, we can see that PS has not happened yet (see Fig. 6(a) ). For a small increase of the injected power, PS is found and the optical spectrum shows two satellite peaks at ν indicating four wave mixing dynamics (Fig. 6(b) ). As the injection power is increased to P inj = 289μW, a subharmonic resonance is observed with new intermediate peaks appearing close to the relaxation oscillation frequency (Fig. 6(c) ). For a P inj = 411μW, P1 dynamics is found again (Fig. 6(d) ) in contrast with the results obtained for 4mA and ν = 2.6 GHz.
IV. OPTICAL INJECTION CLOSE TO THE EMITTED LINEAR POLARIZATION
In this section we analyze the effect of the orthogonal optical injection close to λ of the solitary VCSEL. In this part of the experiment, we remove the coupler to increase the injected power. Fig.7 shows the minimum injected power needed to achieve PS. This figure is obtained using the method similar to that for Fig. 2 . The only difference is that PS is considered achieved when the power of the orthogonal polarization surpasses that of the parallel polarization. Both powers are measured by the power meters after PBS in Fig. 1 . The chosen criterion is different due to the limitation of the injected power. We do not have enough injected power to achieve a polarization mode suppression ratio (PMSR, ratio between the power of the orthogonal and parallel polarizations) of 30 dB when we inject close to λ . Different forms of PS have been found in Fig. 7 when we scanned around the parallel polarization. Sometimes the PS regime is reached abruptly (star symbols), i.e. a small change in the P inj makes one polarization suppressed while the other polarization reaches a high power level. However, for some values of ν and P inj , (white square symbols) the reflected power of the orthogonally polarized optical injection at the VCSEL mirror overcomes the parallel polarization power for high values of P inj , fulfilling the criterion chosen to consider PS. Nevertheless, this is not a real PS because it does not occur inside the VCSEL; it is just a PS derived from the measurement procedure and the criterion chosen. As this PS is caused by the reflected power, we will call it R-PS.
In contrast with the case of injection close to the orthogonal polarization of the free-running VCSEL, only one minimum appears in the injection power required for PS at ν = 24.7 GHz. However, closer to the parallel polarization of the VCSEL (which corresponds to a frequency detuning of 28.75GHz), two regions with islands of PS are found at ν = 26.5 GHz and ν = 30 GHz, respectively. We will call them regions of double PS because, for a fixed frequency detuning, when the injected power is increased two regions of abrupt PS (with stars in Fig. 7 ) are found. Between both islands, elliptically polarized, injection locked states (EPIL) were found in Ref. [25] for the same device at 2.4 and 4 mA of bias current. EPIL states found in [25] are represented in blue and red color for 2.4 and 4 mA, respectively. EPIL states were predicted theoretically by Sciamanna et al. [10] for orthogonal optical injection close to λ . For a frequency detuning of 26.5GHz (30GHz), as P inj increases, the VCSEL exhibits PS at P inj = 137μW (56.69μW), switches back at P inj = 625μW (785.29μW), and has PS again at P inj = 1829μW (1630.46μW). Fig. 8 shows a R-PS when ν = 20.45 GHz and the current is 3 mA. The parallel polarization is barely affected by the optical injection at this type of R-PS.
An example of the optical spectra for R-PS is shown in Fig. 9 . Fig. 9 (a) and 9 (b) represent the optical spectrum for the orthogonal and parallel polarization respectively, when the R-PS has occurred. The peak that appears at λ in Fig. 9 (a) is due to the imperfect separation between both polarizations in the PBS. In Fig.9 (b) the strong peak that appears at λ inj is due to the excitation of the parallel polarization. A few percentage of orthogonal polarization due to the PBS is also present. Fig.10 shows a PS when the ν = 24.5 GHz and the current is 3 mA. The parallel polarization is not affected by the optical injection until it reaches 655μW. From this value, increasing the injected power, the parallel polarization decreases gradually until P inj = 715.8μW. At this value of P inj , the parallel polarization drops to very low level of power abruptly, while the orthogonal polarization reaches a high level of power. After the PS, the power of both polarizations increases monotonically, with the orthogonal polarization always much higher than the parallel polarization. The growth of the parallel polarization comes from the reflection of the optical injection which is leaked to the parallel branch of the PBS. From 23.25 GHz to 24.6 GHz, PS happens similar to the PS shown in Fig.10 . Fig. 11 shows the optical spectra when the current is 3 mA and ν = 23.4 GHz for both polarizations. Fig.11 (a), (c) and (e) show the optical spectra for the orthogonal polarization; we can see that no dynamics is found for any value of P inj . Fig. 11 (b) , (d) and (f) represent the optical spectra for the parallel polarization. For low injected power, as shown in Fig. 11 (b) , the parallel polarization presents periodic dynamics. Increasing the injected power leads to period two dynamics (subharmonic resonance) in the parallel polarization (see Fig. 11(d) ) while the orthogonal polarization of the VCSEL is slightly excited without dynamics as shown in Fig. 11(c) . In the PS regime, Fig. 11 (e) , the orthogonal polarization is excited at the λ ⊥ wavelength while the parallel polarization, Fig. 11 (f) , becomes smaller than the orthogonal polarization.
At ν = 26.56 GHz and I = 3mA, two regions of PS are found, as presented in Fig. 7 . Fig.12 shows the linearly polarized output powers found in this region. The first PS (PSI) and PS back (PSII) are abrupt while the third one (R-PS) happens gradually. R-PS is of the same type as the one discussed in Fig. 8 . From PSII onwards, the parallel polarization is not affected by the optical injection. R-PS appears at values of P inj that varies around 1800 μW for frequency detunings from 19 GHz to 22.8 GHz and from 25.04 GHz to 35.7 GHz for high P inj , as it can be seen in Fig. 7 with white squares. When the detuning is increased to ν = 30 GHz (see Fig. 13 ), the behavior is similar to the previous one, but the transition to PS II is smoother than for ν = 26.56 GHz. In the regions with islands of PS, the dynamics is similar to the dynamics found in the previous cases. When the current is 3 mA and the frequency detuning is 30 GHz, before the first PS happens, P1 dynamics appear in the parallel polarization on a broadband background, and a much weaker dynamics in the orthogonal polarization. In the PS regime, the orthogonal polarization is excited and the parallel polarization is almost suppressed, showing optical spectra similar to those shown in Fig. 11 (e-f) . For higher injected power, the system leaves the island of PS and again periodic dynamics with a broadband background is found in both polarizations, as shown in Fig. 14 (a) for the orthogonal polarization and in Fig. 14 (b) for the parallel polarization. The frequency of these oscillations is approximately the relaxation oscillation frequency (2.2 GHz at 3 mA). With higher injected power, the periodic dynamics disappears in the orthogonal polarization (Fig. 14 (c) ), but remains in the parallel polarization with a narrower peaks in the spectrum (Fig. 14 (d) ). The frequency difference between the peaks in Figs 14(c) and 14(d) increases compared with that in Figs. 14 (a) and 14 (b) , probably due to frequency pushing effects [25] . For high injected power R-PS happens with an optical spectrum similar to that shown in Fig. 9 .
V. SUMMARY
In summary, we have experimentally studied the injected power needed to achieve PS as a function of the frequency detuning between the injected light and the orthogonal polarization of the VCSEL when this device is subject to orthogonal optical injection. The VCSEL is a 1550-nm wavelength device with a value of birefringence near 30 GHz. Two well defined minima are found in P min inj for achieving PS when the injected wavelength is close to the orthogonal polarization wavelength.
The first minimum appears near zero frequency detuning and does not substantially change with the current. The second minimum appears at positive frequency detuning. In this case, the location of the minimum and the value of the injected optical power needed to achieve PS increase with the current, which is in agreement with the theoretical results shown in [14] . We have also analyzed the nonlinear dynamics around PS regions for several values of the frequency detuning. Period 1 and period 2 dynamics in both polarizations or just in the orthogonal one, and stable frequency locking are found in the route to PS. A narrow positive frequency detuning region in which an increase of injected power leads to the disappearance and subsequent appearance of PS is found for large values of bias current. In this case, periodic dynamics at the relaxation oscillation frequency of the VCSEL is found between the two locking regions.
We have also analyzed the minimum injected power needed to achieve the PS when the optical injection is close to the parallel polarization of the solitary VCSEL. In this case two islands with double PS appear. Outside these islands only one minimum is found for P min inj . Between these PS islands are the elliptically polarized injection locked states predicted in [10] and experimentally found in [25] . Near that minimum, the route to PS is such that the parallel polarization has period 1 and period 2 dynamics while no dynamics appear for the orthogonal polarization. PS happens with excitation of the orthogonal polarization at the wavelength of the orthogonal polarization of the solitary VCSEL, but no locking appears. In the two regions with double PS the dynamics found around the first PS is similar to the previous one. Around the second PS periodic dynamics appear for both polarizations. This periodic dynamics is only maintained in the parallel polarization as the injected power is increased.
In this work dynamics has only been measured for specific values of the frequency detuning and the injected power. Very recently, extraction of the parameters of the device used in this work has been performed [26] . Future work will be devoted to use these parameters for generating theoretical two-dimensional maps in the parameter plane of ( ν, P inj ) that will be compared to experiments.
